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KRPRORJXH WKH ILEUREODVWJURZWK IDFWRU KRPRORJRXV IDFWRU  )+))*) LQ WKH UHJXODWLRQ RI
1)κ% DFWLYLW\ LQ PDWXUH QHXURQV )+)
V KDYH SUHYLRXVO\ EHHQ GHVFULEHG WR FRQWURO QHXURQDO
H[FLWDELOLW\ DQG PXWDWLRQV LQ )+) LVRIRUPV JLYH ULVH WR D IRUP RI SURJUHVVLYH VSLQRFHUHEHOODU
DWD[LD8VLQJDSURWHLQDUUD\DSSURDFKZHLGHQWLILHG)+)EDVDQRYHOLQWHUDFWRURIWKHFDQRQLFDO
1)±κ% PRGXODWRU ,..γ1(02 &RLPPXQRSUHFLSLWDWLRQ SXOOGRZQ DQG *$/UHSRUWHU
H[SHULPHQWVDVZHOODVSUR[LPLW\ OLJDWLRQDVVD\VFRQILUPHG WKH LQWHUDFWLRQRI)+)DQG1(02
DQG GHPRQVWUDWHG WKDW DPDMRU VLWH RI LQWHUDFWLRQ RFFXUUHG ZLWKLQ WKH D[RQ LQLWLDO VHJPHQW)KI
JHQHVLOHQFLQJVWURQJO\DFWLYDWHGQHXURQDO1)κ%DFWLYLW\DQGLQFUHDVHGQHXULWHOHQJWKVEUDQFKLQJ









 ,Q WKH QHUYRXV V\VWHP WKH WUDQVFULSWLRQ IDFWRU1)κ% FRQVLVWV RI KHWHUR RU KRPRGLPHUV
PDGHXSRISSRUF5HO 6FKPLGW8OOULFKHWDO.DOWVFKPLGWDQG.DOWVFKPLGW
7KH 1WHUPLQDO 5HO KRPRORJ\ GRPDLQ 5+' FRQWDLQV VHTXHQFHV UHVSRQVLEOH IRU GLPHUL]DWLRQ
QXFOHDU WUDQVORFDWLRQ DQG'1$ELQGLQJ ,Q FRQWUDVW WRSS5HO$ DQGF5HO FRQWDLQ D VWURQJ
WUDQVDFWLYDWLRQGRPDLQ ,Q WKHVRFDOOHGFDQRQLFDOSDWKZD\1)κ%FRPSOH[HVDUH UHWDLQHG LQ WKH
F\WRSODVP E\ VHTXHVWUDWLRQ WR WKH DQN\ULQUHSHDW GRPDLQV RI WKH QXFOHDU IDFWRU κ% LQKLELWRUα
,κ%αZKLOHVLJQDOLQGXFHG1WHUPLQDOSKRVSKRU\ODWLRQUHVXOWVLQSURWHDVRPDOGHJUDGDWLRQRIWKH
ODWWHUDQGWUDQVORFDWLRQRIWKHWUDQVFULSWLRQIDFWRUWRWKHQXFOHXV3HUNLQV7KH,..FRPSOH[
D KHWHURPHULF KRORHQ]\PH WKDW SKRVSKRU\ODWHV ,κ%α RQ WZR KLJKO\ FRQVHUYHG VHULQH UHVLGXHV
6HU6HU LVFRPSRVHGRI WKUHHVSHFLILFVXEXQLWV ,..α,.ΚβDQGDYDU\LQJQXPEHURIWKH
VFDIIROGSURWHLQ,..γDOVRNQRZQDV1(021)κ%HVVHQWLDOPRGXODWRU<DPDRNDHWDO









LV NQRZQ UHJDUGLQJ QHXURQVSHFLILF SURWHLQV LQ FRQWURO RI 1)κ% VLJQDOLQJ &RQVLGHULQJ WKH
LPSRUWDQWUROHRI1(02LQWKHFDQRQLFDO1)κ%VLJQDOLQJSDWKZD\ZHFRQVLGHUHG1(02DYDOLG
EDLW WRLGHQWLI\QHZXSVWUHDPUHJXODWRUVRIQHXURQDO1)κ%VLJQDOLQJ8VLQJDSURWHLQPLFURDUUD\
DSSURDFK ZH LGHQWLILHG WKH LQWUDFHOOXODU SURWHLQ ILEUREODVW JURZWK IDFWRU KRPRORJRXV IDFWRU E









$IILQLW\SXULILHG DQG ELRWLQ\ODWHG IXOOOHQJWK KXPDQ1(02ZDV XVHG WR SUREH D KXPDQ SURWHLQ
PLFURDUUD\FRQWDLQLQJDSSUR[LPDWHO\IXOOOHQJWKSURWHLQVWRLGHQWLI\QRYHOIDFWRUVFRQWUROOLQJ
1)κ% VLJQDOLQJ )HQQHU HW DO  )LJ $ 7ZR FDQRQLFDO 1(02 LQWHUDFWRUV ,..α DQG
,..βZHUHDPRQJWKHWRSKLWVEDVHGRQ=VFRUHDQDO\VLVGHPRQVWUDWLQJWKHYDOLGLW\DQGUREXVWQHVV
RI WKLV DSSURDFK )LJ% ,QWULJXLQJO\ DQHZQHXURQVSHFLILFELQGLQJSDUWQHU ILEUREODVW JURZWK
IDFWRUKRPRORJRXVIDFWRUE)+)E)*)EZDVDPRQJWKHKLJKHVWDIILQLW\KLWV)LJ$%DQG
6XSSO )LJ  ,QLWLDO H[SHULPHQWV FRQILUPHG SRVLWLYH LQWHUDFWLRQ EHWZHHQ RYHUH[SUHVVHG )+)E






(QGRJHQRXV )+) SURWHLQ LV H[SUHVVHG DW WKH D[RQ LQLWLDO VHJPHQW RIPDWXUH KLSSRFDPSDO
QHXURQVLQFXOWXUHDQGLQWKHDGXOWPRXVHFRUWH[
3UHYLRXV VWXGLHV XVLQJ JUHHQ IOXRUHVFHQW SURWHLQ *)3WDJJHG )+)DE LQGLFDWHG WKDW WKHVH
SURWHLQV ORFDOL]H WRWKHD[RQ LQLWLDOVHJPHQW $,6*ROGIDUEHWDO:DQJHWDO7KH
$,6LVFKDUDFWHUL]HGE\DKLJKDFFXPXODWLRQRIWKHF\WRVNHOHWDOVFDIIROGLQJSURWHLQDQN\ULQ*ZKLFK
LVLQYROYHGLQWKHDWWDFKPHQWRIIXUWKHU$,6VSHFLILFSURWHLQFRPSOH[HV5DVEDQG:HIRXQG
WKDW FXOWXUHG QHXURQV H[SUHVVHG )KI P51$ 6XSSO )LJ ( DQG GLVSOD\HG D PDUNHG )+)
LPPXQRIOXRUHVFHQFHLQWKH$,6RIPDWXUHQHXURQV)LJ$6SHFLILFLW\RIWKH)+)DQWLERG\ZDV
FRQILUPHGE\ SODVPLGPHGLDWHG RYHUH[SUHVVLRQ RI )+) DQG)KI51$ LQWHUIHUHQFH LQ FXOWXUHG
FRUWLFDO QHXURQV )LJ %& DQG 6XSSO )LJ $ :H DOVR IRXQG HQGRJHQRXV )+)
LPPXQRUHDFWLYLW\LQH[WUDFWVREWDLQHGIURPWKHQHRFRUWH[RIDGXOWPLFH)LJ')XUWKHUPRUHZH
XVHG D SHSVLQEDVHG DQWLJHQUHWULHYDO PHWKRG RQ IORDWLQJ VHFWLRQV /RULQF] DQG 1XVVHU 
REWDLQHGIURPWKHFRUWH[RIDGXOWPLFHWRGHWHFWHQGRJHQRXV)+)LPPXQRUHDFWLYLW\LQVLWXDWWKH





ZLWK 1(02 DQG WKH ,.. VLJQDOLQJ FRPSOH[ DW WKLV VLWH 'HWHUJHQW H[WUDFWLRQ RI OLYLQJ QHXURQV
)+)DQGQHXURQDO1)κ%

LVRODWHV F\WRVNHOHWRQDVVRFLDWHG VWUXFWXUHV ZKLOH F\WRVROLF SURWHLQV DUH HOLPLQDWHG SULRU WR
LPPXQRIOXRUHVFHQFHDQDO\VHV:LQFNOHUHWDO)+)LPPXQRUHDFWLYLW\FOHDUO\GHFRUDWHGWKH
D[RQLQLWLDOVHJPHQW LQPDWXUHFRUWLFDOQHXURQVIROORZLQJGHWHUJHQWH[WUDFWLRQRIVRPDWLFSURWHLQV
SULRU WRI L[DWLRQ LQ YLWUR )LJ $ 6XSSO )LJ % :H WKHQ LQYHVWLJDWHG ZKHWKHU 1(02 ZDV
ORFDOL]HG LQ WKH $,6 6LPLODU WR )+) 1(02 LPPXQRUHDFWLYLW\ GHFRUDWHG WKH $,6 LQP DWXUH
FRUWLFDO QHXURQV IROORZLQJ GHWHUJHQWH[WUDFWLRQ )LJ % 6XSSO )LJ & 'HSOHWLRQ RI 1HPR
P51$XVLQJVL51$LQPDWXUHFRUWLFDOQHXURQVVLJQLILFDQWO\UHGXFHG1(02LPPXQRUHDFWLYLW\DQG
SKRVSKRU\ODWHG,..α/β LPPXQRUHDFWLYLW\ LQ WKH$,6 )LJ &&¶ GHFUHDVH RI  
DQG 6XSSO )LJ $' VSHFLILFLW\ RI WKH SKRVSKR,..α/β DQWLERG\ZDV H[DPLQHG LQ 6XSSO )LJ
' 6WXGLHV LQ FRUWLFDO QHXURQV XVLQJ FRQIRFDOPLFURVFRS\ UHYHDOHG )+) LPPXQRUHDFWLYLW\ LQ
VSHFNOHGFOXVWHUVDORQJWKHSKRVSKR,..α/βSRVLWLYH$,6)LJ'(4XDQWLWDWLYHFRORFDOL]DWLRQ
DQDO\VHV FRQILUPHG WKDW WKH KLJKHVW LPPXQRIOXRUHVFHQFH LQWHQVLWLHV RI )+) DQG S,..α/β
RFFXUUHGZLWKLQWKHFHOOPHPEUDQHDORQJWKH$,6)LJ'(3HDUVRQ¶VFRUUHODWLRQFRHIILFLHQW5U 
$,6RQO\'DQG5U QRQ$,6'5U ($,66XEFHOOXODU IUDFWLRQDWLRQRI
DGXOWEUDLQH[WUDFWV IXUWKHUPRUH UHYHDOHGDKLJKH[SUHVVLRQRI)+)SURWHLQ LQ WKHF\WRVROLFDQG
OLSLG IUDFWLRQV ZKLOH 1(02 FRQFHQWUDWHG LQ WKH QXFOHL PLWRFKRQGULD DQG OLNHZLVH LQ WKH OLSLG
IUDFWLRQ)LJ)
7RVKRZLQWHUDFWLRQRI)+)ZLWKWKHSURWHLQVRIWKH,..FRPSOH[LQVLWXZHHPSOR\HGSUR[LPLW\
OLJDWLRQDVVD\V 3/$ 7KHVH DVVD\VFRPELQH DQWLERG\ODEHOOLQJZLWK VLJQDOGHWHFWLRQ E\ UROOLQJ
FLUFOH DPSOLILFDWLRQ RI VHFRQGDU\ DQWLERG\OLQNHG ROLJRQXFOHRWLGHV DQG VXEVHTXHQW IOXRUHVFHQW
VWDLQLQJWKXVLQGLFDWLQJSURWHLQLQWHUDFWLRQVE\GHWHFWLRQRIPROHFXODUSUR[LPLW\LQVLWXVLPLODULQ
VHQVLWLYLW\WR IOXRUHVFHQFHUHVRQDQFHHQHUJ\ WUDQVIHU6RGHUEHUJHWDO)LJ$)LUVWO\ZH
RYHUH[SUHVVHG 1(02 DQG )+)E WRJHWKHU ZLWK (*)3 LQ SULPDU\ FRUWLFDO QHXURQV 7UDQVIHFWHG
FHOOVGLVSOD\HGDSXQFWDWH3/$IOXRUHVFHQFHDFURVVWKHQHXURQDOFHOOERG\DQGHQULFKPHQW LQWKH
SUR[LPDODUHDRIVRPHQHXULWHV)LJV%&:HDOVRGHWHFWHGDPDUNHGDFFXPXODWLRQRI3/$VSRWV
ZLWKLQ WKH $,6 LQ FHOOV WUDQVIHFWHGZLWK HLWKHU )+)E )LJ ' RU 1(02 )LJ ( DORQH DQG
SUREHG IRU 1(02)+)E LQWHUDFWLRQV )LJ '( &HOOV ZHUH DGGLWLRQDOO\ LPPXQRVWDLQHG IRU
DQN\ULQ*WRFRQILUPWKHORFDOL]DWLRQRI3/$VSRWVWRWKH$,6)LJ($VDQHJDWLYHFRQWUROZH
SHUIRUPHG 3/$ DVVD\VZLWK (% 3LHKO DQG&DVVLPHULV  D PLFURWXEXOHDVVRFLDWHG SURWHLQ
WKDWLVVLJQLILFDQWO\HQULFKHGLQWKH$,61DNDWDDQG+LURNDZD3/$DVVD\VXVLQJ(%*)3
GLG QRW UHYHDO DV LJQLILFDQW DVVRFLDWLRQ ZLWK WKH ,..FRPSOH[ )LJ ) 4XDQWLILFDWLRQ RI 3/$









$GGLWLRQDO SRVW3/$ DQN\ULQ*ODEHOOLQJ DQG FRQIRFDO PLFURVFRS\ FRQILUPHG WKH LQWHUDFWLRQ RI
HQGRJHQRXV )+) DQG 1(02 RFFXUUHG DORQJ WKH DQN\ULQ*SRVLWLYH $,6 PHPEUDQH )LJ -
)XUWKHUPRUHHQGRJHQRXV)+)1(02PROHFXODUSUR[LPLW\ZDVREVHUYHGPRUHIUHTXHQWO\LQWKH
$,6DVLQSRVWV\QDSWLFGHQVLWLHV36'0$3SRVLWLYHGHQGULWHVRUDVFRPSDUHGWRWKH$,6
RI WKH QHJDWLYH FRQWURO UHDFWLRQ )LJ . DQG 6XSSO )LJ  3UR[LPLW\OLJDWLRQ EHWZHHQ







YLD UHFUXLWPHQW RI XSVWUHDP DFWLYDWRUV 7$%7$% WR WKH VLJQDOVRPH DQG WKXV IDFLOLWDWHV WKH
DFWLYDWLRQRI WKH ,..β.LQDVH7$. *DXWKHURQDQG&RXUWRLV UHYLHZHG LQ6FKPXNOHDQG




DFWLYLW\ RI WKH 1)κ% WUDQVFULSWLRQ IDFWRU )LJ $ +DYLQJ GHPRQVWUDWHG WKDW )+)E RYHU
H[SUHVVLRQ UHVXOWHG LQ UHGXFHG ,..VLJQDOVRPH DFWLYLW\ ZH QH[W GHWHUPLQHG ZKHWKHU )+)E
DIIHFWHG SRO\XELTXLWLQDWLRQ RI 1(02 &RWUDQVIHFWLRQ RI )+)E UHGXFHG WKH EDVDO OHYHO RI
XELTXLWLQDWLRQRI1(02)LJ%LQGLFDWLQJWKDW)+)QHJDWLYHO\UHJXODWHGSRO\XELTXLWLQDWLRQRI
1(027R GHWHUPLQH LI )+)EZDV DIIHFWLQJ HLWKHU.OLQNHG WKXV LPSOLFDWLQJ)+)E LQ WKH
UHJXODWLRQRI1(02VWDELOLW\RU.OLQNHGSRO\XELTXLWLQDWLRQDQGKHQFHDVVHPEO\RIWKH,..
VLJQDOVRPHZHHPSOR\HGXELTXLWLQPXWDQWSURWHLQVLQWKLVDVVD\ZKHUHDOOILYHO\VLQHUHVLGXHVDUH
PXWDWHG WR DUJLQLQH H[FHSW UHVLGXHV . RU . 5. 5. 5DPDNULVKQD HW DO 
UHVSHFWLYHO\ ,QWHUHVWLQJO\ )+)E FRWUDQVIHFWLRQ UHVXOWHG LQ UHGXFHG 5. DQG 5.
SRO\XELTXLWLQDWHG1(02LQGLFDWLQJWKDWLQDGGLWLRQWRUHJXODWLQJ1(02DFWLYLW\)+)PD\DOVR
DIIHFW1(02VWDELOLW\ )LJ & 7KLV ILQGLQJ LV VXSSRUWHG E\ DQDO\VLV RI1(02 SURWHLQ OHYHOV







+DYLQJ GHPRQVWUDWHG WKDW )+) UHGXFHG ,..VLJQDOVRPH DFWLYLW\ DQG .OLQNHG




REWDLQHGE\ LPPXQRIOXRUHVFHQFHDQDO\VHV LQ GLVVRFLDWHGFRUWLFDO QHXURQV WRGHWHUPLQH RSWLPL]HG
WLPH SRLQWV IRU IXQFWLRQDOO\ PHDQLQJIXO JHQH VLOHQFLQJ H[SHULPHQWV )+) H[SUHVVLRQ OHYHOV
LQFUHDVHGFRQVLVWHQWO\GXULQJLQYLWURGHYHORSPHQWXSWR',9ZKHQDVWURQJFRORFDOL]DWLRQWR
WKHDQN\ULQ*SRVLWLYHD[RQLQLWLDOVHJPHQWDQGOHVVVRPDWLFRUQXFOHDUDFFXPXODWLRQZDVREVHUYHG
)LJ $:H WKHQ HPSOR\HG 1)κ%VSHFLILF UHSRUWHUJHQH DVVD\V WR H[DPLQH WKH LQIOXHQFH RI
)+)RQS WUDQVDFWLYDWLRQSRWHQWLDO ,QWHUHVWLQJO\RYHUH[SUHVVLRQRI)+)ELQSULPDU\PDWXUH
QHXURQV UHVXOWHG LQ D UHSURGXFLEOH DQG VLJQLILFDQW GHFUHDVH LQ 1)κ%GHSHQGHQW WUDQVFULSWLRQDO
DFWLYDWLRQ )LJ % ([SUHVVLRQ RI WZR)+) VSOLFH YDULDQWV )+)D DQG )+)E WUXQFDWHG 1
WHUPLQXV LQ PDPPDOLDQ FHOOV SUHYHQWHG VHOHFWLYH JHQH VLOHQFLQJ RI )+)E ,QVWHDG ZH XVHG
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)LJ *¶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ZKHWKHUWKHLQFUHDVHLQQHXULWHJURZWKLQGXFHGE\)+)GHSOHWLRQUHTXLUHG1(02E\FRPSDULQJ















DO  &RQFXUUHQWZLWK RXUPRUSKRORJLFDO ILQGLQJV WKH )+)GHSOHWHGQHXURQV H[KLELWHG DQ
LQFUHDVH LQ DYHUDJH QHXULWH OHQJWK SHU XQLW YROXPH )LJ $%6FU VK51$  WR
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%KDNDU HW DO
&KLDUXJL)ULGPDFKHUHWDO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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DFWLYDWHG 1(02 PD\ GHFUHDVH LQ WKH SUHVHQFH RI )+)E $V ZH IRXQG )+)E LWVHOI ZDV
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 Q   ZHOOV 7KH IROORZLQJ WUDQVIHFWLRQ YHFWRUVZHUH XVHG S&09(QWU\0\F)/$*
)+)E 3&5DPSOLILHG DQG VXEFORQHG LQWR S&09(QWU\ IURP D KXPDQ F'1$ FORQH
10B 2ULJHQH SF'1$+LV0D[$1(02 )HQQHU HW DO  S(*)31 D
JHQHURXV JLIW RI ( )ORHWWPDQQ DQG 0 5RZH &DUGLII 8. (*)31 &ORQWHFK +HLGHOEHUJ
*HUPDQ\ VHUYHG WR GHWHUPLQH SRVLWLYHO\WUDQDVIHFWHG FHOOV RU DV FRQWURO (%*)3 3LHKO DQG






*HQHUDWLRQ RI PDPPDOLDQ WZRK\EULG YHFWRUV 7ZRK\EULG FRPSOHPHQWDWLRQ SODVPLGV ZHUH
JHQHUDWHG E\ OLJDWLRQ LQWR WKH DFFRUGLQJ YHFWRUV DV GLUHFWHG E\ WKH PDQXIDFWXUHU¶V SURWRFRO
&KHFN0DWH3URPHJD6RXWKDPSWRQ8.

51$ VLOHQFLQJ DQG TXDQWLWDWLYH 3&5+X6+PHU VPDOOKDLUSLQ VK51$ YHFWRUV DJDLQVW UDW
1HPR,NENJLQS5)3&56)KILQS56DQG5HO$SLQS*)3956ZHUHREWDLQHGIURP2ULJHQH
5RFNYLOOH 0' 86$ 2I IRXU WDUJHWLQJ YHFWRUV WKH WZR PRVW HIIHFWLYH VHTXHQFHV ZHUH
GHWHUPLQHGE\:HVWHUQEORW5HO$RUT3&5,NENJ)KI51$ZDVLVRODWHGDQGLWVOHYHOVZHUH
PHDVXUHG E\ 57T3&5 EDVHG RQ D/LJKW&\FOHU 51$0DVWHU 6<%5*UHHQ , NLW 5RFKHZLWK D
/LJKW&\FOHU  LQVWUXPHQW QRUPDOL]HG DJDLQVW 6U51$ 0HDVXUHG P51$ DPRXQWV ZHUH
QRUPDOL]HG DJDLQVW 6U51$ 3ULPHUV XVHG IRU 57T3&5 ZHUH 00)+)):' ′
77&$*&&$*&$***$7$777′DQG00)+)5(9′7&7&&$77&$7**&&$&$7$′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XVHG WR SUREH SURWHLQ PLFURDUUD\V ,QYLWURJHQ 3URWRDUUD\ YHUVLRQ  DV GHVFULEHG SUHYLRXVO\
)HQQHUHWDO6LJQLILFDQWLQWHUDFWLRQVZHUHLGHQWLILHGEDVHGRQD=VFRUHFXWRIIYDOXHRI

&\WRVROLF H[WUDFWLRQV &\WRVROLF H[WUDFWLRQ RI QHXURQV SULRU WR IL[DWLRQ ZDV SHUIRUPHG E\




,PPXQRIOXRUHVFHQFH DQG PLFURVFRS\ 3ULPDU\ FXOWXUHG QHXURQV ZHUH IL[HG LQ  RU  
SDUDIRUPDOGHK\GH3)$&HOOVZHUHSHUPHDELOL]HGE\LQFXEDWLRQZLWKLFHFROG3%6FRQWDLQLQJ
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 $EFDP &DPEULGJH 8. DQWLS,..α/β 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 FORQH
$&HOO6LJQDOLQJ7HFKQRORJ\+LWFKLQ8.PRXVHDQGUDEELWDQWLDQN\ULQ*DQWLERGLHV
ERWK6&%7+HLGHOEHUJ*HUPDQ\PRXVHPRQRFORQDO DQG UDEELWSRO\FORQDO DQWL1(02
)/6&%7DQG$EFDPDQWL(%%'%LRVFLHQFHV2[IRUG8.DQWL36'
DQWL0$3  ERWK 6&%7 DQG DQWLS  DFWLYH VXEXQLW 0LOOLSRUH &XOWXUHV ZHUH
LQFXEDWHGIRUKDW57ZLWKVHFRQGDU\DQWLERGLHVWDJJHGZLWKHLWKHU$OH[D)OXRUQPRU$OH[D
)OXRUQP  ,QYLWURJHQ3KRWRPLFURJUDSKVZHUH WDNHQXVLQJD6327576(&DPHUD
)+)DQGQHXURQDO1)κ%
 
'LDJQRVWLF ,QVWUXPHQWV 6WHUOLQJ+HLJKWV0,86$ RQ DQ(FOLSVH 7(LQYHUWHGPLFURVFRSH
1LNRQ.LQJVWRQXSRQ7KDPHV8.ZLWK0HUFXU\DUFH[FLWDWLRQ&RQIRFDOLPDJHVZHUHDFTXLUHG




ZHUH LQFXEDWHG ZLWK PJPO SHSVLQ 'DNR*ORVWUXS 'HQPDUN DV GHVFULEHG E\ /RULQF] DQG







*OXWDWKLRQH6WUDQVIHUDVH *67 SXOOGRZQ FRLPPXQRSUHFLSLWDWLRQ DQG :HVWHUQEORWWLQJ
*671(02 SXOOGRZQ DQG FRLPPXQRSUHFLSLWDWLRQ IURP O\VDWHV RI WUDQVIHFWHG +(.7 FHOOV
H[SUHVVLQJ )+)E)/$* DV ZHOO DV HOHFWURSKRUHVLV DQG:HVWHUQEORWWLQJ DQG LPPXQRGHWHFWLRQ
ZHUHSHUIRUPHGXVLQJVWDQGDUGWHFKQLTXHVDQGDVGHVFULEHGSUHYLRXVO\)HQQHUHWDO%UDLQ
H[WUDFWVIRU:HVWHUQEORWWLQJH[SHULPHQWVZHUHSUHSDUHGXVLQJQRQLRQLFGHWHUJHQWH[WUDFWLRQ
,*(3$/6LJPD$OGULFK LQD VRGLXPVXFURVHEXIIHU)ROORZLQJEUDLQKRPRJHQL]DWLRQ WKH O\VDWH
ZDVFHQWULIXJHGDW[JDW&IRUPLQ(OHFWURSKRUHVLVZDVSHUIRUPHGIROORZLQJYROXPH
UHGXFWLRQ 0LFURQFRQ <0 0LOOLSRUH )RU GHWHUPLQDWLRQ RI ,..NLQDVH DFWLYLW\ +(.7











FRQWHQWE\PLQFHQWULIXJDWLRQ JWKH ODWWHUZDV OD\HUHGRQ WRSRI DGLVFRQWLQXRXV ILFROO














 KRXUV 8ELTXLWLQDWLRQ RI 1(02 ZDV DVVHVVHG XVLQJ DQWL+LV DQWLERG\  6&%7
&RQILUPDWLRQRIVXFFHVVIXO WUDQVIHFWLRQRISODVPLGVZDVGHWHUPLQHG WKURXJK LPPXQREORWLQJZLWK
DQWL0\F$EFDPDQGDQWL+$6&%7
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E\PHDVXULQJ ILUHIO\OXFLIHUDVH WUDQVFULSWLRQDO DFWLYDWLRQ GRZQVWUHDP RI ILYH*$/ELQGLQJ VLWHV
DQGDPLQLPDO7$7$ER[DVSURPRWHU([SUHVVLRQRIUHQLOODOXFLIHUDVHHQFRGHGXQGHUFRQWURORID
69 SURPRWHU RQ WKH S)1$ YHFWRU ZDV PHDVXUHG DV WUDQVIHFWLRQ FRQWURO 3ULPDU\ FRUWLFDO











JHQHUDWH WKH FRUUHVSRQGLQJ 6KROO SURILOH DV GHVFULEHG LQ *XWLHUUH] HW DO *XWLHUUH] DQG 'DYLHV
 $/ 2:(66DOJRULWKP ZLWK D VPRRWKLQJ ZLQGRZ RI  SRLQWV ZDV DSSOLHG WR GHULYH D
UHJUHVVLRQOLQHIRUWKH6FKROOSURILOHXVLQJ*UDSK3DG3ULVP7KHUHJLRQRIGLIIHUHQFHEHWZHHQWKH
SURILOH 6KROO VHFWLRQV SRLQWV ELQQHG ZLWKLQ PXOWLSOLHV  P GLVWDQFH ZDV HVWDEOLVKHG DQG
HYDOXDWHGXVLQJ3HDUVRQ¶V FKLVTXDUH WHVWZLWKS≤FRUUHVSRQGLQJ WR WKHVLJQLILFDQW GLIIHUHQFH
EHWZHHQWKHVHFWLRQV)RUKLJKFRQWHQWDQDO\VLVLPDJHVIURPVHYHUDOILHOGVSHUZHOOZHUHDFTXLUHG
1HXULWHVZHUHVHJPHQWHGDWIL[HGLQWHQVLW\ WKUHVKROGDQGGHOLQHDWHGXVLQJVNHOHWRQL]DWLRQRI WKHLU
ELQDU\ PDVNV 7KH WRWDO QHXULWH OHQJWK DQG EUDQFKLQJ SRLQWV ZHUH QRUPDOL]HG WR WKH UHVSHFWLYH
FRQWURO FHOOV $OO LPDJH SURFHVVLQJ RSHUDWLRQV ZHUH H[HFXWHG XVLQJ 1HXURQDO 3URILOLQJ
%LR$SSOLFDWLRQRIWKH'LVFRYHU\7RROER[6RIWZDUH7KHUPRILVKHU+RUVKDP8.7KHFHOOVZHUH
LPDJHGLQ'=VWDFNVXVLQJXVLQJWKH=HLVV/60)OXRUHVFHQFHRIFRWUDQVIHFWHG(*)3ZDV
H[FLWHG XVLQJ  QP OLJKW DQG UHJLVWHUHG LQ ± QP HPLVVLRQ UDQJH 7KH ]VWDFNV ZHUH
FROOHFWHG ZLWK FRQIRFDO SLQKROH VHW WR  $LU\ XQLW DW WKH PD[LPXP RI (*)3 HPLVVLRQ ZKLFK
FRUUHVSRQGHG WRDSSUR[LPDWHO\ QP RI RSWLFDO VHFWLRQ WKLFNQHVV(DFK GDWDVHW FRQWDLQHG RQH
QHXURQDO FHOO ZKLFK ZDV VHJPHQWHG EDVHG RQ VWDWLVWLFDO WKUHVKROGLQJ VW SHUFHQWLOH RI GDWDVHW
LQWHQVLW\GLVWULEXWLRQ1HXURQDOVSLQHVZHUHGHWHFWHGXVLQJDYR[HOFOXVWHULQJDSSURDFK5RGULJXH]
HW DO 7KH LPDJHSURFHVVLQJ DQGDQDO\VLV SURFHGXUHVZHUH H[HFXWHG XVLQJ1HXURQ6WXGLR
YHUVLRQ5RGULJXH]HWDO

6WDWLVWLFV 6WDWLVWLFDO DQDO\VHV DQG DOJRULWKPLF SURFHGXUHV ZHUH SHUIRUPHG XVLQJ 0DWODE




ZDV GHWHUPLQHG XVLQJ WZRWDLOHG VWXGHQW WWHVWV RQHWDLOHG WWHVW ZKHUH DSSOLFDEOH RQ RQHWDLOHG
K\SRWKHVHVRURQHZD\$129$IROORZHGE\7XNH\¶VSRVWKRFWHVWIRUQRUPDOGLVWULEXWLRQRIGDWD
)RU QRQSDUDPHWULF GDWD0DQQ:KLWQH\ RU.UXVNDO:DOOLV WHVWZDVXVHG 6WDWLVWLFDO VLJQLILFDQFH







7KH DXWKRUV WKDQN +HLNR 'VVPDQQ 7RELDV (QJHO DQG &DRLPKtQ &RQFDQQRQ IRU WHFKQLFDO
GLVFXVVLRQVDQGDGYLFH:HZRXOGIXUWKHUOLNHWRWKDQN6DUDK&DQQRQIRU WHFKQLFDOKHOSDQG2UOD
:DWWHUV IRU FULWLFDO UHDGLQJ RI WKH PDQXVFULSW 7KLV ZRUN ZDV VXSSRUWHG E\ 6FLHQFH )RXQGDWLRQ





























































































































































































































LQWHUDFWRU FRQWUROV &WUO DUH KLJKOLJKWHG 1RWH WKH ODEHOHG1(02 EXW QRW ODEHOHG%6$
IOXRUHVFHQFH RQ WKH )+)E DUUD\ VSRWV LQ WKHPLGGOH ULJKW RI WKH VXEDUUD\ % 1(02GLVSOD\V
VLJQLILFDQW LQWHUDFWLRQ ZLWK IXOOOHQJWK )+)E RQ SURWHLQ PLFURDUUD\V $YHUDJH = VFRUHV  6'
IURP WZR DUUD\V REWDLQHG ZKHQ 1(02 RU %6$ FRQWURO ZHUH XVHG WR SUREH PLFURDUUD\V DUH
VKRZQIRU)+)EDQGWKHFDQRQLFDO1(02SDUWQHUV,..αDQG,..βFRPSDUH6XSSO)LJ&
+(.FHOOVZHUHWUDQVIHFWHGZLWKP\FWDJJHG)+)EDQG;SUHVVWDJJHG1(02S1(02RU
SODVPLG FRQWURO S(PSW\ ;SUHVVWDJJHG 1(02 1(02 SODVPLG S1(02 ZDV
LPPXQRSUHFLSLWDWHG ZLWK DQWL;3UHVV DV LQGLFDWHG DQG FRLPPXQRSUHFLSLWDWHG P\F)+)E ZDV
GHWHFWHGZLWKDQWLP\FODQH2QO\DVPDOODPRXQWRI)+)EZDVGHWHFWHGLQLPPXQRSUHFLSLWDWHV
GHULYHGIURPHPSW\;SUHVVYHFWRUO\VDWHVS(PSW\ODQH'3XOOGRZQRI*67WDJJHG1(02
UHVXOWV LQ FRSXOOGRZQ RI )+)E LQ +(. FHOOV PLQLPDO FRSXOOGRZQ XVLQJ *67 FRQWURO
)+)E DQG 1(02 DVVRFLDWH LQ ( 3& FHOOV DQG ) FRUWLFDO QHXURQV LQ D WZRK\EULG DVVD\
7UDQVFULSWLRQDO DFWLYDWLRQ RI WKH LQWHUDFWLRQVSHFLILF ILUHIO\ OXFLIHUDVH UHSRUWHU ZDV PRQLWRUHG LQ
OLYLQJ FHOOV WUDQVIHFWHG ZLWK HPSW\ $FW%LQG YHFWRUV 9HFWRU9HFWRU SRVLWLYH FRQWURO 0\R',G




)LJXUH)+)LV H[SUHVVHGLQ WKHD[RQ LQLWLDOVHJPHQWRIQHXURQV LQYLWURDQGLQYLYR $
,PPXQRUHDFWLYLW\ DJDLQVW HQGRJHQRXV )+)SURWHLQ LQ WKH $,6 &RUWLFDO QHXURQDO FXOWXUHV ZHUH
PDLQWDLQHG IRU WKUHH ZHHNV LQ YLWUR EHIRUH EHLQJ VXEMHFWHG WR LPPXQRIOXRUHVFHQFH DQDO\VHV
&RQIRFDO ODVHU VFDQQLQJ PLFURVFRS\ &/60 DQDO\VLV LOOXVWUDWHV FRORFDOL]DWLRQ RI )+)
LPPXQRUHDFWLYLW\ UHG WR WKH DQN\ULQ* SRVLWLYH $,6 $QN* JUHHQ DUURZV +RHFKVWVWDLQLQJ LQ
EOXH ([SHULPHQWVZHUH UHSHDWHG ZLWK FRPSDUDEOH UHVXOWV %0DWXUH QHXURQVZHUH WUDQVIHFWHG









SRROHG VPDOO KDLUSLQ FRQVWUXFWV GLUHFWHG DJDLQVW )KI 7KH H[SHULPHQW ZDV UHSHDWHG ZLWK




) GHSLFWV XQWUHDWHG VOLFHDV QHJDWLYH FRQWURO ,GHQWLILFDWLRQ RI SRVLWLYH FRORFDOL]DWLRQ RI )+)




)LJXUH  )+)1(02DQG S,..α/β FRORFDOLVH LQ WKH $,6PHPEUDQH $% /LYLQJDGXOW
FRUWLFDO QHXURQV ZHUH FROGGHWHUJHQWH[WUDFWHG IRU PLQXWHV GLUHFWO\ IROORZHG E\ IL[DWLRQ XVLQJ
SDUDIRUPDOGHK\GH$QWL)+)$RUDQWLSDQ1(02%LPPXQRIOXRUHVFHQFHLQWKH$,6DUURZV
LV GHSLFWHG YHUVXV $QN\ULQ* LPPXQRIOXRUHVFHQFH JUHHQ ,PDJHV DFTXLUHG IURP FRQIRFDO VWDFN
DQDO\VLVGHSLFWHG LQ6XSSO)LJ%&([SHULPHQWVZHUHUHSHDWHGRQFHZLWKFRPSDUDEOHUHVXOWV
&&¶'LPLVKHG LPPXQRUHDFWLYLW\ DJDLQVWSKRVSKRU\ODWHG ,..α/β S,..αβ JUHHQ LQ WKH$,6
IROORZLQJ 1(02 VLOHQFLQJ ,QWHJUDWHG $,6 LPPXQRIOXRUHVFHQFH LQWHQVLW\ ZDV GHWHUPLQHG




&RQIRFDO ODVHU VFDQQLQJ PLFURVFRS\ &/60 DQDO\VLV LOOXVWUDWHV LPPXQRUHDFWLYLW\ DJDLQVW
SKRVSKRU\ODWHG,..α/β JUHHQ DQG )+) UHG FRORFDOLVLQJ WR WKH $,6 DUURZV 3L[HOV
FRUUHVSRQGLQJ WR WKH KLJKHVW LPPXQRUHDFWLYLW\ LQWHQVLWLHV XSSHU TXDGUDQW RI WKH VFDWWHUJUDP





IOXLG(&)PLWRFKRQGULD DQG OLSLG IUDFWLRQVZHUH FROOHFWHG DQG FRUUHVSRQGLQJ YROXPH IUDFWLRQV







$,6 $ 6FKHPDWLF UHSUHVHQWDWLRQ RI WKH LQ VLWX SUR[LPLW\ OLJDWLRQ DVVD\ $PSOLILFDWLRQ RI WKH
IOXRUHVFHQW SUREH LVD FKLHYHG ZKHQ ROLJRQXFOHRWLGHV UHDFK SUR[LPLW\ ≤  QP %, 3UR[LPLW\
OLJDWLRQ PHGLDWHG EHWZHHQ RYHUH[SUHVVHG %' DQG HQGRJHQRXV +, HSLWRSHV RI )+) DQG
1(02$QDO\VLVKIROORZLQJWUDQVIHFWLRQRISULPDU\QHXURQVZLWKERWK1(02)+)E%&RU
)+)E'RU1(02(YHFWRUV)ROORZLQJH[SRVXUHWRPRXVHDQWL)+)DQGUDEELWDQWL1(02
DQWLERGLHV 3/$ ZDV SHUIRUPHG 5HG VSRWV LQGLFDWH DPSOLILHG GHWHFWLRQ RI IOXRUHVFHQWO\ODEHOHG
ROLJRQXFOHRWLGHVDWORFDWLRQVRIPROHFXODUSUR[LPLW\EHWZHHQHSLWRSHVQXFOHLLQEOXHDVWHULVNFHOO
ERGLHVRIWUDQVIHFWHGFHOOV()0DWXUHQHXURQVZHUHWUDQVIHFWHGZLWK1(02YHFWRUS1(02
RU WKH $,6PLFURWXEXOH PDUNHU S(%*)3 DV LQGLFDWHG GHWHUJHQWH[WUDFWHG DQG IL[HG  K
IROORZLQJWUDQVIHFWLRQ6XEVHTXHQW3/$XVLQJ)+)1(02DQWLERG\SDLUVWRUHYHDOLQWHUDFWLRQVLQ
WKH GHWHUJHQWUHVLVWDQW F\WRVNHOHWRQ XVLQJ SDQ,..β(% DQWLERG\ SDLUV DV QHJDWLYH FRQWURO )
ZHUHSHUIRUPHG3RVW3/$DQWLDQN\ULQ*VWDLQLQJVHUYHGWRKLJKOLJKWWKHORFDWLRQRIWKH$,61RWH
WKH SURQRXQFHG HQULFKPHQW RI 3/$VSRWV DORQJ WKH DQN*SRVLWLYH $,6 DUURZV LQ (- DQG WKHLU
VLJQLILFDQWO\ UHGXFHG QXPEHUV LQ (%*)3 SRVLWLYH $,6¶V * Q      +. 3UR[LPLW\
OLJDWLRQ EHWZHHQ WKH HQGRJHQRXV HSLWRSHV RI )+) DQG HLWKHU PHPEHUV RI WKH ,.. FRPSOH[
1(02 +- RU SDQ,..β , 1RWH WKH DFFXPXODWLRQ RI IOXRUHVFHQW ROLJRQXFOHRWLGHV DORQJ D
SURWRW\SLFDO  P VWUHWFK UHPLQLVFHQW RI WKH ORFDWLRQ RI WKH D[RQLQLWLDO VHJPHQW DUURZV
6XEVHTXHQWLPPXQRIOXRUHVFHQFHDQDO\VLVUHYHDOHGSUR[LPLW\OLJDWLRQDUURZVUHGVSRWVDORQJWKH




/ 7UDQVIHFWHG QHXURQV H[SRVHG WR DQWLERGLHV UDLVHG DJDLQVW 1(02 DQG SDQ,..β VHUYHG DV
SRVLWLYHFRQWUROIRUWKHSUR[LPLW\OLJDWLRQDVVD\0/DFNRISUR[LPLW\OLJDWLRQLQQRQWUDQVIHFWHG





V.DQG.OLQNHGXELTXLWLQDWLRQ VWDWXV LV UHGXFHG LQ WKHSUHVHQFH RI
)+)E $ +(. FHOOV ZHUH WUDQVIHFWHG XVLQJ )+)E0\F RU (QWU\ FRQWURO YHFWRUV DQG
VWLPXODWHGZLWK OLSRSRO\VDFFKDULGH/36JP/ IRUPLQXWHV3URWHLQO\VDWHVZHUHFROOHFWHG
DQGVXEMHFWHGWR:HVWHUQEORWDQDO\VHV$QWLSKRVSKRU\ODWHG6HU,κ%αSDQ,κ%αDVZHOODV
DQWL0\F LPPXQRUHDFWLYLWLHV DUH GHSLFWHG DQ XQVSHFLILF EDQG DQG β$FWLQ VHUYHG DV ORDGLQJ




)+)E WRJHWKHU ZLWK WKHLU UHVSHFWLYH FRQWURO YHFWRUV DV LQGLFDWHG  FRQWURO YHFWRU  SURWHLQ
FRGLQJYHFWRU/\VDWHVZHUHFROOHFWHGIROORZLQJKRXUVRIWUDQVIHFWLRQDQGVXEMHFWHGWR:HVWHUQ
EORW DQDO\VHV 1RWH WKH ODGGHULQJ LQ WKH DQWL+LV DQWL0\F LPPXQRUHDFWLYLW\ SURILOH LQGLFDWLQJ
SRO\XELTXLWLQDWLRQ OHYHOV RI WKH RYHUH[SUHVVHG 1(02 )+)E SURWHLQV ' 0DWXUH FRUWLFDO
QHXURQVZHUH WUDQVIHFWHGXVLQJ HLWKHU FRQWURO YHFWRU S(QWU\ RU S&09)+)E0\F&HOOVZHUH





)LJXUH  )+)VLOHQFLQJ LQ PDWXUH QHXURQV LV D SRWHQW LQGXFHU RI 1)κ%GHSHQGHQW
WUDQVFULSWLRQDO DFWLYDWLRQ LQ D 1(02GHSHQGHQWPDQQHU $ 3ULPDU\ FRUWLFDO QHXURQVZHUH
FXOWXUHGIRURUGD\V LQYLWUR',9UHVSHFWLYHO\&HOOVZHUH LPPHGLDWHO\IL[HGIRU
PLQXWHVIROORZHGE\LPPXQRDEHOOLQJXVLQJWKHDQWLERGLHVDVLQGLFDWHGDQGSKRWRPLFURJUDSKVZHUH
DTXLUHG E\ &/60 XVLQJ FRQVWDQW ODVHU SRZHU DQG SLQKROH VHWWLQJV DQWL)+) JUHHQ DQWL
$QN\ULQ* UHG1RWH WKH LQFUHDVH LQ )+)H[SUHVVLRQ DQG FRPSDUWPHQWDOL]DWLRQ RYHU WLPH %
0DWXUHQHXURQVZHUH WUDQVIHFWHGZLWK)+)EH[SUHVVVLRQYHFWRU DV LQGLFDWHG %DQGκ%ILUHIO\
OXFLIHUDVH DQG FRQVWLWXWLYH UHQLOODOXFLIHUDVH YHFWRUV 'XDOOXFLIHUDVH DVVD\V ZHUH SHUIRUPHG WR
GHWHUPLQH UHODWLYH κ%GHSHQGHQW UHSRUWHU JHQH DFWLYLW\  KRXUV & ,PPDWXUH QHXURQV ZHUH
WUDQVIHFWHGRQGD\IRXULQYLWURZLWKYHFWRUVHQFRGLQJ)KIGLUHFWHGVPDOOKDLUSLQROLJRQXFOHRWLGHV
DQG κ%UHSRUWHU &HOOV ZHUH O\VHG RQ GD\ VHYHQ DQG GXDOOXFLIHUDVH DVVD\V FRQGXFWHG '(
VK51$PHGLDWHG VLOHQFLQJ RI)KI ,NEJ1HPR DQG SP51$ LQ PDWXUH FRUWLFDO QHXURQV DQG
UHVXOWDQW1)κ%DFWLYLW\LVGHSLFWHG0DWXUHQHXURQVZHUHWUDQVIHFWHGDVLQGLFDWHGIURPGD\WR
 LQYL WUR DQG 'XDOOXFLIHUDVH DVVD\V SHUIRUPHG DV DERYH %DU JUDSKV GHSLFW QRUPDOL]HG κ%
GHSHQGHQW ILUHIO\OXFLIHUDVHDFWLYLW\ 'Q S≤ (Q ZHOOV S≤FRPSDUH
6XSSO)LJ%&)0DWXUHFRUWLFDOQHXURQVZHUHWUDQVIHFWHGZLWKWKH1)κ%UHSRUWHUDVDERYH
WRJHWKHU ZLWK WKH )+)E H[SUHVVLRQ YHFWRU DQG LQFUHDVLQJ DPRXQWV RI HLWKHU ZLOGW\SH 1(02
YHFWRUJZHOOUHVSHFWLYHO\RUGRPLQDQWQHJDWLYH1(02/3JZHOO
KRXUV%DUJUDSKVGHSLFWκ%GHSHQGHQWOXFLIHUDVHDFWLYLW\Q S≤*+5HDOWLPH3&5
FRQILUPVHIIHFWLYH FRVLOHQFLQJ HIILFLHQF\ RI)KIDQG1HPRP51$ IROORZLQJ QXFOHRIHFWLRQ$W





)LJXUH  0DLQWHQDQFH RI QHXURQDO PRUSKRORJ\ GHSHQGV RQ FRQVWLWXWLYH 1(02 DQG S
DFWLYLW\ )+)PRGXODWHV QHXURQDO PRUSKRORJ\ LQ D 1(02GHSHQGHQW PDQQHU $ % *
6KROOSORWV DW  P LQFUHPHQWV DQG /RZHVV UHJUHVVLRQ OLQHWUDFHV ZHUH JHQHUDWHG XVLQJ DQ




IURP DXWRPDWHG LPDJH WUDFLQJ DQDO\VHV RI WKH UHVSHFWLYH SRSXODWLRQV 1HXURQDO 3URILOLQJ
%LRDSSOLFDWLRQ &( 1RUPDOL]HG UHVXOWV REWDLQHG E\ KLJK FRQWHQW LPDJH DQDO\VLV RQ DYHUDJH
QHXULWHOHQJWKVDQGEUDQFKLQJSRLQWVIURPPDWXUHFRUWLFDOQHXURQVWUDQVIHFWHGIRUILYHGD\V',9
 DV LQGLFDWHG Q    5HSUHVHQWDWLYH SKRWRPLFURJUDSKV DUH GHSLFWHG LQ &) +-
)UHVKO\LVRODWHG FRUWLFDO QHXURQVZHUH 
QXFOHRIHFWHG






WUDQVIHFWHG ZLWK (*)3 DQG VK51$FRQVWUXFWV GLUHFWHG DJDLQVW)KI P51$ IRU D SHULRG RI ILYH
GD\V&RQIRFDOODVHUVFDQQLQJLPDJHVDWKLJKPDJQLILFDWLRQ[ZHUHREWDLQHGIROORZHGE\'
UHQGHULQJ DQG DOJRULWKPLFDO RSWLFDO VWDFN DQDO\VLV $5HSUHVHQWDWLYH UHQGHULQJV RI FRQWURO DQG
)+)VK51$WUDQVIHFWHGQHXURQVDUHGHSLFWHG6FDOHEDUP%($OJRULWKPLFGHWHUPLQDWLRQ
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 pFHF1b / pNEMO  pFHF1b / pNEMO
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Supplementary Figure 1. The interaction between 
FHF1b and NEMO on Invitrogen Protoarrays ranges 
among the strongest hits. Biotinylated full-length human 
re-combinant NEMO was used to probe protein microar 
rays (Invitrogen Protoarrayº version 4.0, Invitrogen, Pais-
ley, UK). These arrays contained spots of approximately 
,00 full-length proteins. +its were de¿ned at a =-score 
cut-off level of 3.0. Judged by this criterion a total of 112 
protein interactors were identi¿ed. )+)1 was the twelfth 
strongest interactor with a =-score of .3, within the range 
of the canonical NEMO interactors IKK_ and IKK`, which 
exhibited =-scores of .0 and .2, respectively. $ list of 
the interacting proteins can be found at the following link: 
http://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE19841+
Microarray imaging and analysis were performed 
with a Perkin Elmer Scan$rray ;press 4 +T scanner 
(&ambridge, UK) and =-scores were calculated using 
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Supplementary Figure 1
FHF1 and neuronal NF-• •B
Suppl. Figures, König et al. Page 1 
6XSSOHPHQWDU\ )LJXUH  (I¿FLHQF\ RI 51$VLOHQFLQJ ($) The relative Nemo mRNA content of rat 
phaechromocytoma cells (PC12) was determined using quantitative PCR three days after their transfection 
with small-hairpin vector constructs directed against different sections of the Ikbkg/Nemo-mRNA (Origene, 
Rockville, USA, FI7549-’05-08’ in pRFP-C-RS) sequence as indicated. Values were normalized to 18S-rRNA 
expression. (B, C) Freshly-dissociated cortical neurons were nucleofected with pools of two small-hairpin 
RNA vector constructs, directed to suppress NEMO expression, or control vector and plated. Three days 
following transfection, the cells were paraformaldehyde-¿xed and examined by immunoÀuorescence analysis 
using a monoclonal mouse anti-NEMO antibody (NEMO, Abcam, green). 'etermination of total anti-NEMO 
immunoÀuorescence intensities in RFP-positive cells was determined from photomicrographs sampled from 
three wells (B, n = 34-39 cells, p = 0.0001, Mann-Whitney U test). (D) The NEMO protein content in 
PC12 cells was determined by Western-blotting experiments. Following three days of transfection with the 
above mentioned NEMO’7’ and NEMO µ8’ labelled Ikbkg/Nemo-mRNA silencing constructs cells were lysed 
and the lysates subMected to Western-blot analyses, as indicated. Membranes were exposed to anti-NEMO 
antibodies (1:1000, Abcam) or `-actin (1:2000, Abcam)  (E) Mature neuron cultures were transfected for 
four days with small-hairpin constructs directed against different sections of the rat Fhf1-mRNA sequence 
(pRS-shRNA F+F1’TR5104-40/41’ (Origene) or a combination thereof. Their relative Fhf1-mRNA content 
was determined by normalization to 18S-rRNA expression. Pooled introduction of two-shRNA sequences 
revealed their cumulative potency. (F) The p5 protein content in PC12 cells was determined by Western-
blotting experiments. Following three days of transfection using the two most effective shRNA constructs 
targeting RelA/p65 mRNA (Origene), cells were lysed and the lysates subMected to Western-blot analyses, as 
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Supplementary Figure 3. 
IKK` (A) Mouse cortical cultures were maintained for three weeks, 
solution for 12 minutes at 37°C, permeabilization and blocking, cells were either exposed to anti-mouse-
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Supplementary Figure 4
PLA: _FHF1 - _NEMO
IF:AnkyrinG
PLA: _FHF1 - _NEMO
IF:MAP-2
PLA: _FHF1 - _NEMO
IF:PSD-95
E tracted cortical neurons
Supplementary Figure 4: Endogenous NEMO / FHF1-interactions occur preferentially within the 
axon initial segment cytoskeleton. Proximity-ligation mediated between endogenous epitopes of FHF1 
and NEMO. Prior to ¿xation, neurons were detergent extracted as described above, ¿xed and exposed 
to mouse anti-FHF1 and rabbit anti-NEMO antibodies. The P/A assay was conducted according to 
manufacturer’s instructions. Red spots indicate ampli¿cation of Àuorescently labeled oligonucleotides at 
locations of molecular proximity between epitopes. Subsequent to P/A assays, neurons were exposed 
to either mouse anti-AnkyrinG antibodies (Santa Cruz), anti-PS'-95 (Santa Cruz) or anti-MAP-2 (Santa 
Cruz) antibodies (green). The quanti¿cation of Àuorescent spots co-localizing to the different neuronal 
compartments of the cell is depicted in Figure 4 (K). Scale bars, 10 ȝm.
FHF1 and neuronal NF-• •B
















































































DI 4 DI DI 12 DI 1
Cortical neurons MCF-  cells
6XSSOHPHQWDU\)LJXUH3UR¿OHRIactive p65/NF-gB during in vitro development and evidence that 
WKHDFWLYDWLRQRI1)ț%IROORZLQJFhf1VLOHQFLQJLVVHTXHQFHVSHFL¿F  (A) Mouse cortical neurons from 
one primary neuron preparation were cultured in parallel wells on poly-L-lysine coated cover-slips and 
removed at the indicated times points during in vitro development for direct ¿xation in -20°C methanole 
for two minutes. Standard immunoÀuorescence procedures were conducted using an antibody, raised 
against the solvent exposed nuclear localization sequence (NLS, anti-p5, 1:500, Millipore) of activated 
p5/NF-gB (green). Nuclei are depicted in blue. Note the pronounced increase in active transcription 
factor in the nucleus around 'IV7. Scale bar, 20 μm. (B) Mature rat cortical neurons were transfected 
via calcium-phosphate 'NA-precipitation between 'IV14 - 18 using the small-hairpin RNA-interference 
vectors speci¿c for Fgf12/Fhf1 mRNA or wt-p5/NF-țB plasmid as indicated, and co-transfected with the 
țB dependent FireÀy-luciferase and a constitutive thymidine kinase promoter driven Renilla-luciferase. 
After ¿ve days in culture, cells were lysed in passive lysis buffer and the relative țB-luciferase activity 
was determined using the 'ual-Luciferase kit® (Promega, Madison, USA n =  - 13 wells, from 3 pooled 
experiments. ,p  0.05, one-way ANOVA followed by 'unn’s multiple comparisons). (C) Human MCF-7 
(breast adenocarcinoma) cells were cultured using standard techniques and transfected using Lipofectamine 
2000® (Invitrogen), according to manufacturer’s protocols as indicated and homologous to the transfections 
of neurons in (B). The human Fgf12/FHF1-sequence however contains nucleotide disparities compared 
to the mouse/rat sequence the small-hairpin vectors were designed against. No signi¿cant increase in țB-
dependent luciferase activity could be observed (n = 4 - 13, ns, p ! 0.05, one-way ANOVA followed by 
'unn’s multiple comparisons).
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Immunolabelling was additionally performed using rabbit anti-MAP2 antibodies (SCBT, red) and anti-
AnkyrinG antibodies (SCBT, blue). Follwing washing steps, secondary anti-mouse/rabbit/goat   Alexa-488 
(green)/568 (red)/647 (here depicted in blue, all 1:500, Invitrogen)-linked antibodies were incubated for 
one hour with the cells, and confocal image analyses were performed following washing and mounting 
labelled photomicrograph from anti-mouse-Alexa488 only exposed cultures. Only very weak somatic and no 
in mouse anti-FHF1 antibody exposed cultures (arrows). (B,C) Mouse cortical cultures were maintained 
paraformaldehyde solution. To this aim, the warm media was removed and cells were directly exposed to 
the ice-cold solution containing 1 % Triton X-100 in a microtubule destabilizing buffer for three minutes. 
labelling procedures, antibody exposures were performed overnight using mouse anti-FHF1 (1:100, Abcam) 
or anti-NEMO (1:200, Abcam) together with rabbit anti-AnkyrinG (1:500, SCBT) and the appropriate 
set of secondary antibodies. Confocal stack analysis small pinhole settings provided z-slices at 1 μm 
distances, as labelled, with each slices depicted next to his neighbour.  Single images from this stack are 
depicted in Figure 3A and B. Note the close co-localization of FHF1 (red, B), as well as NEMO (red, C), 
to several AnkyrinG (green) positive AIS’s throughout the different levels of the confocal stack analysis. 
(D) Adult cortical neurons were transfected using 1.5 μg either wild-type IKK` or K44M-IKK`kdkinase-
dead, Addgene plasmids 11103&11104) together with EGFP-N1 vector (1.5 μg) to mark positively-transfected 
protocol, using antibodies raised against Ser176/180 // Ser177/181-IKK_` (red, anti-pIKK_`, 1:500, clone 
wild-type 
IKK`EGFP co-transfected cells, but not in K44M-IKK`EGFP co-transfected cells (wild-type IKK`versus 
K44M-IKK`decreased by 0.61 ± 0.229, n = 17 cells, p = 0.0000001, Mann-Whitney U-test on the Log 
transformed data). EGFP co-transfection served to mark transfected cells . Scale bar, 10 μm in A-C, 50 μm in 
D.
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